This paper presents an alternative criterion (simplified method) to determine the cohesion (c) and internal angle of friction ( ) properties for two granular materials lightly stabilised with slag-lime and general blend (GB) cement-flyash using indirect diametral tensile (IDT) strength and unconfined compressive strength (UCS). The c and values of the stabilised materials obtained based on this criterion were related to the IDT strength and UCS. The results suggest that the c and can be estimated using this criterion and the c can be accurately related to either the IDT strength or UCS for lightly cementitiously stabilised granular materials. However, the IDT strength is a better characteristic than the UCS to estimate the c. In order to validate the criterion, the c and obtained from the proposed criterion were input in the numerical analyses of IDT testing with Mohr -Coulomb failure criterion using FLAC2D finite difference software. The predicted tensile stress -horizontal diametrical deformation numerical results were compared with the corresponding experimental results. Based on this numerical analysis, it was found that the c and parameters estimated from this method predicted the experimental results well in the elastic region but over predicted the ultimate stress.
Introduction
Shear strength of geological materials such as soils and rocks is often determined by MohrCoulomb failure theory. In which, the shear strength is assumed to vary linearly with the applied normal stress through two shear strength parameters commonly known as the cohesion (c) and the angle of internal friction (Φ). Normally these properties are determined through laboratory triaxial tests. Although the Mohr-Coulomb theory is widely used to determine the shear strength properties of soils, it is applicable to lightly cementitiously stabilised soils or aggregate bases and many researchers have carried out studies on cement treated soils and aggregates using triaxial tests (e.g. Ismail et al. 2002; Lo et al. 2003) .
However, the triaxial test needs very expensive equipment and consumes too much time for sample preparation and testing, which is not suitable for routine laboratory or field experiment practice. Therefore, an alternative approach was proposed to determine c -Φ properties for asphalt concrete base material using Indirect Diametrical tensile (IDT) testing and Unconfined Compression (UC) testing by Christensen and Bonaquist (2002) .
UC testing is one of the most common and simple tests that can be carried out with minimum laboratory facilities to determine the unconfined compression strength (UCS) of cohesive soils and stabilised materials (Basha et al. 2005; Kolias et al. 2005a; Lim and Zollinger 2003; Piratheepan et al. 2010 ). Carneiro and Barcellos (1952) , two Brazilian engineers, originally developed the IDT test, known as Brazilian test, to measure tensile strength of brittle materials by applying a compressive load along two opposite generators of a cylinder. This test was later adopted by asphalt industry as a common test method to determine the tensile strength and resilient modulus of hot mix asphalt (Kennedy and Hudson 1968; Schmidt 1972) . In an IDT testing, the stress state at the vicinity of the centre of the sample is the same as that at the bottom of the cementitiously stabilised (or asphalt) base layer in a pavement structure as schematically shown in Figure 1 .
A c c e p t e d M a n u s c r i p t
N o t C o p y e d i t e d
Behaviour of cementitiously stabilised granular materials can be analysed using the MohrCoulomb failure theory. According to this theory, the strength of a material such as the stabilised material depends upon both cohesion (c) and internal angle of friction ( ). For a simple shear loading with an applied normal stress σ, the shear stress at failure τ max is given
by the following equation:
Where c = cohesion = angle of internal friction, degrees σ = normal stress
The Mohr-Coulomb theory is often represented graphically by plotting a series of Mohr circles representing stress states at incipient failure under increasing levels of confining stress and then drawing a tangent to these circles, which represents the Mohr-Coulomb failure envelope. Then c and are determined using the failure envelope. This method can be used to determine c and of cementitiously stabilised granular materials by IDT and UC testings. Figure 2 shows the Mohr circles for the stress state in the samples at failure under IDT and UC testings. The magnitude of compressive stress at failure is three times the tensile stress in IDT testing (i.e. y-IDT = 3 x-IDT ). Thus, the mean principal (or normal) stress, p, value is ( 1 + 3 )/2 = ( y-IDT + x-IDT )/2 = (3 x-IDT -x-IDT )/2 = x-IDT = IDT (remembering that the IDT strength x-IDT is negative (tensile)). In other word, the p value if simply equal to the absolute value of the IDT strength. Similarly, the maximum shear stress, q, value is ( 1 -3 )/2 = ( y-IDT -x-IDT )/2 = (3 x-IDT + x-IDT )/2 = 2 x-IDT = 2 IDT , or, simply put, q is equal to twice the IDT strength. c is the UCS of the sample having the diameter to height ratio of around 1:1 and the same density as that of the IDT sample. Thus, p = q = c /2. A c c e p t e d M a n u s c r i p t

Experimental Investigation Undertaken
The experimental investigation carried out involved the study of the IDT strength and UCS characteristics of two different granular materials stabilised lightly with slag lime and flyash.
Granular base materials obtained from two sources stabilized with 3-5 % slag-lime and 1.5 % GB cement-flyash binders under the optimum moisture content (OMC) from standard Proctor compaction conditions were chosen for this investigation. One of the parent materials, hereafter referred to as granular base material 1 (BM1), selected was a freshly quarried granular base material obtained locally in Canberra, Australia. This was classified as a WGwell graded sandy gravel with some fines according to the Unified Soil Classification
System. The other material selected for this research was also a granular material, classified as WG -well graded granular base material, obtained from Queensland, Australia. This is hereafter referred as granular base material 2 (BM2). Further details of the parent materials and binders can be found in Gnanendran and Piratheepan (2008; 2009; Piratheepan et al (2010) .
Obtaining representative samples of such granular materials is very difficult and it often leads to inconsistency of particle proportions in samples, resulting in considerable variability of properties determined from different samples. To minimize such inconsistency, the reconstituted materials with unchanged (or consistent) gradings shown in Figure 3 were adopted for this research. These were achieved by sieving a large batch of granular material from each material through standard sieves, separating the materials into different particle size ranges in different containers and then remixing them at suitable weight proportions to get the specified unchanged grading. It is noted that the reconstituted materials excluded particle sizes greater than 19 mm.
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The moisture content (MC) -dry density relationships of the reconstituted materials as well as the stabilized materials (i.e. the reconstituted materials stabilised with binders) were determined initially in accordance to ASTM D698-91 (2007) for this investigation (see Figure 4) . 
Verification of c -Parameters from numerical analysis
In order to assess the validity and applicability of the criterion to lightly cementitiously stabilised granular base materials and to validate the material properties (c and ) obtained by the proposed method, a series of numerical analyses were carried out using the finite difference stress analysis software FLAC2D. The calculated c and were input in Mohrcoulomb built -in -model in FLAC2D finite difference software and the monotonic load numerical results were compared with the actual experimental results.
Modelling with FLAC 2D
The IDT testing is performed on a cylindrical specimen of the material loaded diametrically between platens of a testing machine. The IDT strength is then approximately determined using an analytical expression from corresponding peak load at failure assuming that the MT.1943-5533.0000493 A c c e p t e d M a n u s c r i p t
material is homogeneous, linearly elastic and isotropic (Hondros 1959; Vuttukuri et al. 1974 ).
Details of the IDT test conditions performed in this investigation are shown in Figure 5 . In this verification investigation, the loading area is defined by 2α, which is the angular distance over which the applied force, F, is assumed to be distributed radially.
The dimensions of the IDT specimens used in this investigation are 150 mm diameter (75 mm radius) and 85 -90 mm thickness. The other material parameters for the analysis were obtained for the experimental study carried out in this investigation. 
Where r 0 is the radius of the specimen, t is the thickness and r is the distance from the centre of the specimen. It is noted that the compressive stress was considered as negative in this investigation.
The tensile strength of the material, σ θ c , at the centre of the specimen is This approximation is used to determine the IDT strength of the material. It is assumed that the failure is independent of stresses that develop normal to the disk face, and is a planestrain solution.
Details of geometry and boundary conditions
A 40 × 40 size grid was generated to represent the 2D numerical model for the IDT specimen.
In this investigation, only the top half of the cylindrical specimen was modelled, because of the symmetry of the IDT testing. The boundary conditions were applied to the model such that the model was fixed in y direction at x = 0 m. The generated grid and the boundary conditions for the numerical model are shown in Figure 6 and Figure 7 respectively.
Results and Discussion
Experimental and Analytical Results
Results of the proposed method to determine c and from UCS and IDT strength values for four different stabilised mixtures (two granular materials stabilised with slag-lime and GB cement-flyash) stabilised with various binder contents are given in Table 1 A c c e p t e d M a n u s c r i p t
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Where c is cohesion of the stabilised material From this observation, it can be concluded that the mixture cohesion can be accurately estimated from the IDT strength. Similarly, a good relationship was developed between the mixture cohesion and UCS with a high coefficient of correlation (R 2 = 0.9574) as shown in Figure 9 . From the observations made in this investigation, both the IDT and the UC tests can therefore be used to estimate the cohesion of cementitiously stabilised granular base materials regardless of the material and binder types. Moreover, the determination of c and by this method (using IDT strength and UCS) is more accurate than confined compression tests (i.e.
conventional triaxial tests). Because the separation between the confined stress test data inspace (V in Figure 10 ) is generally much smaller than is usually the case using UCS and IDT strengths (U in Figure 10 ). Also, the IDT strength data is very close to the vertical axis and the cohesion is defined by the intercept of the failure envelope on the vertical axis.
Therefore, small variations in the UCS and IDT strength values make very little variations in the c and estimates. Thus, the proposed method for the determination of the fundamental properties of cementitiously stabilised granular materials provides both a better estimate of the friction angle (the slope of the failure envelope) and the cohesion (intercept). The variation of with binder content shows (see Figure 12 ) not a clear pattern and it varies between 40 -50° for the materials stabilised with slag-lime and between 64°-66° for the materials stabilised with GB cement -flyash. It can be noted that the values are always higher for BM1 than that for BM2 and the similar trend was observed for the variation of c with BC.
However, the values of c and can be dependent on other factors such as the densities of the IDT and UC test specimens, height to diameter ratio of the UC test specimens and the testing conditions including the rate of loading. To study the effect of the above mentioned factors, the UCS and IDT strength results of several studies reported by other researchers were used to develop the relationships. The relationship is very strong; assuming that the intercept is zero, the mixture cohesion can be accurately estimated as 1.75-1.83 times the IDT strength with a R 2 value of 96 percent and above (see Figure 13 ). ASTM D 1633 ASTM D (1994 , in which a 101.6 mm diameter by 116 mm high (diameter to height ration of 1:1.14) specimen was loaded at an axial strain rate of 1 mm/min using the material testing system (MTS). The IDT tests were performed in accordance to the modified AASHTO T 245 method, in which a stabilised specimen of 101.6 mm diameter by 63.5 mm height (diameter to height ratio of 1:0.625) was loaded to failure at 51 mm/min deformation rate. The UCS and IDT samples were tested at 7 and 28 days curing period. The calculated cohesion values using the simplified method were plotted against the corresponding IDT strength and UCS values in Figure 13 and Figure 14 respectively. The developed relationships between c and IDT strength for 7 and 28 days cured samples (c Khattak, 7 = 1.79 IDT strength and c Khattak, 28 UCS and IDT tests were carried out on three fine-grained clayey soils stabilised with high calcium fly ash and cement by Kolias et al. (2005b) . In this study, the IDT and UCS samples were prepared with static compaction method (BS 1924, test 10) at the optimum moisture content and cured for 7, 28 and 90 days. Samples of 50 mm diameter by 100 mm height (diameter to height ratio of 1:2) were tested with a constant deformation rate of 1 mm/s in both IDT and split tensile testings at different curing ages. The test results were utilised in this study and the calculated c values were plotted against IDT strength and UCS in Figure 13 and Figure and UCS could be due to the factors such as the density and the height to diameter ratio of the UC test samples. However, the relationships derived between cohesion and IDT strength were very close even though the densities and the height to diameter ratios of both IDT and UC test specimens were different. Because, as discussed earlier, the IDT strength data is very close to the vertical axis and the cohesion is defined by the intercept of the failure envelop on the vertical axis. Therefore, the variations in the UCS and IDT strength values make very little variation in the cohesion estimate. Therefore, it can be concluded that the IDT strength Journal of Materials in Civil Engineering. Submitted May 13, 2011; accepted January 26, 2012; posted ahead of print January 28, 2012. doi:10.1061/(ASCE) MT.1943-5533.0000493 A c c e p t e d M a n u s c r i p t
is a better characteristic than the UCS to determine the cohesion of a lightly cementitiously stabilised granular material.
Numerical Analysis
The input parameters for the built -in Mohr -Coulomb model in FLAC are stiffness modulus, Poisson's ratio, cohesion, internal angle of friction and density. Figure 15 shows typical stress strain curves from the experimental study for BM1 stabilised with 4% slag-lime binder at OMC and the corresponding numerical analysis curve with the c and (c = 1.0105
MPa and = 50°) estimated from the simplified analysis. The stress -deformation plot from numerical analysis with the input parameters c and calculated from Mohr -coulomb failure criterion predicted the experimental results in the elastic region but over predicted the ultimate stress. The ultimate IDT strength determined from the experiment study was 0.555
MPa, whereas the strength value obtained from the numerical analysis was 0.713 MPa, which is 28.5 % higher than the experimental value. However, the maximum diametral horizontal tensile deformations at the ultimate stress were the same for both the experimental and numerical stress-deformation curves. The difference in ultimate strengths could be due to either the estimated c and values were not accurate or the assumed loading area was inappropriate.
The loading area was defined by 2α as discussed earlier (see Figure 5 ). To determine the loading area over which the vertical load was applied, three cases of loading area were considered: 2°; 5° and 7°. Figure 16 shows the variations of tensile stress at the centre of the specimen with the horizontal diametral deformation for the three different loading areas considered. It can be noted that the variation of stress with the deformation and the ultimate strength for the 3 different loading angles were almost the same (see Figure 16 and Table 2 ).
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presents the details of the numerical analysis performed on different loading angles. The failure load applied to the specimen during the actual experiment was 11.718 kN and the failure load for the 5° loading angle from the numerical analysis was the closest to the experimental value (the percentage difference was 16.5%). The percentage differences for the other failure loads for 2° and 7° were 115% and 19.6% respectively. Therefore, it is concluded that the best loading angle is 5° and this value was then used for the remaining analysis.
Even though the loading angle of 5° predicts the failure load closest to the actual experimental value, the IDT strength (ultimate stress) predicted from numerical analysis was always higher than the experimental value (0.555 MPa). This could be because the c and values determined from the simplified method are slightly varied from the actual values of the stabilised material. Initially, a number of runs were performed for specimen of BM1 stabilised with 4% slag -lime to see the effects of on the model by changing the internal angle of friction from 20 to 65 while keeping all other parameters constant. Figure 17 shows the variation of horizontal tensile stress at the centre of the specimen versus horizontal diametrical deformation from the numerical analysis for various values. It can be clearly noted that the ultimate IDT strength is dependent on and does not affect the slope of the linear part of the curve (i.e. stiffness modulus does not depend on ). As can be seen in Figure 17 , the IDT strength decreases with the increase of . From the numerical analysis performed, the best value predicting the experimental result is 60°, which is 10° higher from the value determined from the simplified method. Similarly, the c value was determined such that the numerical analysis predicted the experimental curve and the c value determined was 0.82 MPa (see Figure 18 ).
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However, the failure load applied for = 60° and c = 1.0568 MPa was 12.386 kN and for c = 0.82 MPa and = 50° was 9.069 kN. Therefore, it can be inferred from the results obtained in the numerical analysis that a combination of adjusted c and can predict the experimental stress-deformation behaviour and the failure load. Figure 19 shows such an attempt to find the combination of adjusted c and predicting the stress-deformation curve and the failure load. The failure load for this case is 11.224 kN, which is very close to the experimental failure load (11.718 kN), and the corresponding c and are 0.89 MPa and 56°. Table 3 presents the best combinations of c and and the corresponding failure loads for the four different stabilised mixes used in this investigation. The results presented in Table 3 show that the c and values determined from simplified method predicted the IDT strength in the numerical analysis always higher than the experimental values except for the materials On the basis of the results presented in Table 3 and Figure 21 , the c and values determined from the simplified method are still very useful although they do not exactly predict the experimental results. Therefore, the simplified method should be used only as an approximation for the determination of c and at this stage. The shear strength parameters determined from the simplified method might be same or different from the values determined using triaxial test. Therefore, a separate study should be carried out in the next phase of this research to achieve a correlation between triaxial c and and simplified c and .
Conclusions
This paper presents an alternative approach to determine the c and properties for lightly Tables   Table 1 c and values calculated from the proposed simplified method   Table 2 Estimated stresses and loads for different loading areas 
